Epigenetics are defined, in broad-terms, as alterations in gene expression without changes in DNA sequence. While histone modifications and DNA methylation are two classical means to regulate gene expression, miRNA has also recently been documented to govern gene expression in normal as well as cancer cells. In this review, we will first describe briefly histone modifications, DNA methylation and miRNAs and the functions of these epigenetic marks during different cellular processes involving DNA metabolism. We will then highlight some epigenetic changes in glioblastomas, a malignant form of brain tumor, and potential application of epigenetic means for diagnosis, prognosis, and treatment of gliomas. We expect that novel therapies will be developed to counter epigenetic changes in this deadly disease.
Introduction
In eukaryotic cells, DNA is packaged into chromatin, a complex structure of DNA and proteins. The basic repeat unit of chromatin is a nucleosome that is composed of 147 bp of DNA wrapped around a histone octamer consisting of two copies each of four core histones H2A, H2B, H3, and H4. The chromatin structures encode epigenetic information, which is defined as heritable changes of gene expression without alteration in DNA sequence. 1 In the postgenomic era where DNA sequences of many organisms are known, there has been extensive interest in studying chromatin structures and their role in the regulation of gene expression. 2 This interest arises from the following two facts. First, epigenetic regulation of gene expression plays a critical role in the regulation of a variety of cellular processes including gene expression, DNA replication and DNA repair, and stem cell maintenance and differentiation. 3, 4 Second, epigenetic alterations in gene expression play a causal role in a variety of human diseases including carcinogenesis and aging. 4 While there are outstanding reviews on epigenetic changes in cancer cells, we will focus our discussion on studies related to epigenetic alteration in gliomas. [5] [6] [7] Histone modifications regulate diverse cellular processes that are critical for cancer prevention. Chromatin is dynamically regulated to impact different cellular processes. [8] [9] [10] One way to regulate chromatin is through post-translational modifications on histones. Histone modifications include acetylation, methylation, phosphorylation, sumoylation, poly(ADP)-ribosylation, and ubiquitination ( Fig. 1 ). Over 60 modifications on histones have been described so far. The "histone code" refers to the patterns of modifications where different combinations of histone modifications designate or regulate specific cellular processes and events. 9, [11] [12] [13] One modification or pattern of modifications can alter the chromatin structure and/or aid in the recruitment of other proteins involved in diverse cellular processes including gene transcription, DNA replication and DNA repair. [12] [13] [14] Below we discuss histone acetylation and methylation, two well-studied modifications that have been implicated to play a role in carcinogenesis.
Acetylation is the addition of an acetyl group from the co-factor acetyl coenzyme A to the amino group of lysine residues on histones catalyzed by group enzymes called histone acetyltransfereases (HAT). 15 Acetylation on histones, in general, has two distinct Figure 1 Posttranslational modifications on histones. Four core histones H3, H4, H2A and H2B adopt a similar secondary structural fold called the histone fold domain or core domain of histones (circle). Moreover, the N-termini and C-termini of these core histones are called histone tails. Amino acid residues, represented by one letter, at the N-terminal tails of each core histones as well as posttranslational modifications including phosphorylation (blue oval) acetylation (green diamond), methylation (red circle) and ubiquitination (yellow cross) are shown.
repression, whereas methylation of lysine residues of 4, 36 and 79 of H3 is associated with transcriptional activation (Table 1 , Fig. 2 ). 12, 13 In addition to its role in gene transcription, histone methylation is also linked to the DNA damage response. For instance, methylation of lysine 20 of H4 is involved in the recruitment of 53BP1, the DNA damage checkpoint adaptor protein to the site of DNA damage. 31 Unlike acetylation, methylation usually does not modify histone and DNA interactions; instead, effector proteins or "readers" recognize a particular methylated lysine residue and thereby regulate chromatin structure and function. 12, 32 For example, H3K9 methylation is linked to heterochromatin formation, which is important for genome integrity and cell differentiation. H3K9 methylation is recognized by the bromodomain, like those that are present in SWI6/ heterochromatin protein 1 (HP1). 33 Methylation is catalyzed by lysine or arginine methyltransferases. The majority of histone methyltransferases contain the SET domain, which is the catalytic domain of the methyltransferase. Methylation can be reversed by histone demethylases, most of which contain the catalytic domain JmjC. Most histone methyltransferases appear to target fewer lysine residues and exhibit higher specificity than histone acetyltransferases. 32 
DNA Methylation and its Role in Silencing and Cancer
In addition to histone modification, DNA methylation is also an epigenetic mark that is important for regulating chromatin structure and gene expression. 34 In mammalian cells, DNA methylation occurs predominantly on cytosine residues, and it is estimated that about 60-80% of CpG dinucleotides are methylated. 34 Most DNA methylation is found at heterochromatin regions and it is believed that DNA methylation is important for the maintenance of the heterochromatin structure and transcriptional silencing in higher eukaryotic cells (Figure 2 ). The enzymes that catalyze DNA methylation are DNA methyltransferases (DNMT). 35 So far, three enzymes, DNMT1, DNMT3a, and DNMT3b, have DNA methyltransferase activities. DNMT1 preferentially methylates hemimethylated DNA and is responsible for maintenance of the methylation patterns during DNA replication. DNMT3a and DNMT3b methylate unmethylated DNA substrates and are responsible for de novo methylation. 36, 37 DNA methylation was one of the first epigenetic modifications described in cancer cells. There is a profound loss of DNA functions. First, histone acetylation can loosen the interactions between histones and DNA because acetylation neutralizes positive charge on a lysine residue and thereby reduces electrostatic interactions between DNA and histones. Second, acetylation on a particular lysine residue can also recruit proteins to chromatin to perform specific functions. 16, 17 The bromodomain, the classical domain that recognizes acetyllysine and is often present on transcriptional factors and co-activators, recruits these factors to chromatin during transcription. 18, 19 Therefore, it is not surprising that histone acetylation is often associated with actively transcribed chromatin regions ( Figure 2 ). In addition to its role in transcription, histone acetylation also plays an important role in regulation of DNA replication and DNA repair. For example, acetylation of a histone variant H2A.X is required for histone exchange during DNA lesions. 20 Moreover, acetylation of lysine 56 of H3 in yeast has been shown to be associated with replication and repair by promoting efficient nucleosome assembly. [21] [22] [23] [24] [25] Thus, histone acetylation can impact or regulate diverse cellular processes.
In mammalian cells, some of the primary HAT families include the GNAT (Gcn5-related N-acetyltransferase), MYST (MOZ, Ybf2/ Sas3, Sas2, Tip60), and p300/CBP. 15, 17 Often HATs are part of larger complexes that confer specificity to the enzyme complex. 17, 26 Moreover, some, if not all, histone acetyltransferases also acetylate non-histone substrates. 17 Thus, histone acetyltransferases have been properly renamed as lysine acetyltransferases (KAT) recently. 27 Like other posttranslational modifications, histone acetylation is reversible. Removal of an acetyl group from a lysine residue or deacetylation, is carried out by histone deacetylases (HDACs). 28, 29 There are four different classes of HDACs, and like HATs, tend to function within larger complexes. 5, 6, 30 While histone acetylation is linked to gene activity, histone deacetylation is generally linked to transcriptional repression.
Another well-studied histone modification is methylation, which can occur at lysine and arginine residues. 5, 6, 8 Up to three methyl groups can be added to a lysine residue and it appears that different states of methylation on a lysine residue have different biological outcomes. 12 In contrast to histone acetylation, which is always associated with active gene expression, histone methylation can serve as a mark for active and inactive transcription. For instance, methylation of lysine 9 of histone H3 (H3K9), lysine 27 of H3 (H3K27) and lysine 20 of H4 (H4K20) is associated with transcriptional www.landesbioscience.com
Cancer Biology & Therapy 1327 chromosome inactivation. 47 Recently, small non-coding RNAs including microRNAs (miRNAs) and small RNAs have been found to regulate gene expression. 48 Intriguingly, miRNAs have been shown to play a tumor suppressing function by reducing the expression of oncogenes as well as an oncogenic role by downregulating the expression of tumor suppressors. 49 In order for miRNA and small RNA to silence gene expression, these RNAs are first processed by the nuclease Dicer into 21-22 nucleotide products, which then form a complex with the RISC complex. RNA in the RISC complex then base pairs in a sequence specific manner with the 3' untranslated region or coding regions of the target RNA and affect gene expression either by the degradation of mRNA or repression of translation (Fig. 3) . 50, 51 Not surprisingly, miRNA expression itself can be regulated via changes in chromatin structures induced by covalent modifications on histones and/or DNA methylation. 50 
Epigenetic Changes in Glioblastoma Multiforme
Epigenetic modifications have been of great interest as a method of diagnosing GBM as potential prognostic factors and as response factors for treatment. Gliomas are the most common type of primary brain tumor. Glioblastoma multiforme (GBM) is a form of malignant and aggressive brain tumor, with a mean survival of nine to twelve months. 52 The term "glioblastoma" is synonymous with "grade IV astrocytoma" using the World Health Organization (WHO) classification and grading system. 53 There are two types of GBMs: primary and secondary. Primary glioblastomas are those malignant tumors that have a short history and no prior clinical disease while secondary glioblastomas are those that develop from a lower grade gliomas. 52 methylation in cancer cells, predominantly at repetitive DNA sequences elements. 38, 39 It is hypothesized that loss of DNA methylation at these DNA sequences results in genomic instability. 40 In addition to a global loss of DNA methylation, DNA hypermethylation has been discovered at the promoter regions of many tumor suppressor genes. 7, 41, 42 In mammalian cells, about half of the genes contain clusters of CpG dinucleotides called CpG islands near or within their promoter. 43 Most of these CpG islands are unmethylated in normal cells. However, in cancer cells, the CpG islands of many tumor suppressor genes and growth regulator genes such as those involved in cell cycle regulation, DNA repair, cell-cell interactions, apoptosis and angiogenesis are methylated, which leads to transcriptional silencing of these genes.
While it is not clear how cancer cells utilize the cellular silencing machinery to silence a tumor suppressor gene, several studies have led to the following general conclusions. First, it appears that DNA methylation occurs after changes in histone modifications (e.g. gain of a silencing histone mark (H3K9 methylation) and loss of histone acetylation) at the promoter regions of a tumor suppressor gene during the process of transcriptional silencing. 44 Second, silencing of tumor suppressor genes such as p16 in colon cancer cells may be triggered by anti-sense transcripts that originate from the first exon of genes. 45 Third, a large number of genes are required for the maintenance of genes silenced in cancer cells. 46 However, it is not clear whether these genes are also involved in the maintenance of other tumor suppressor genes in other types of cancer cells. 
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two hypermethylated regions. 58 In addition to DNA hypermethylation, histone H3-K9 dimethylation and deacetylation, two other markers of gene silencing, have also been detected at the promoter of MGMT. 59 Therefore, it is likely that multiple silencing mechanisms cooperate to silence MGMT in GBM. Because of its critical role in DNA repair, the epigenetic silencing of MGMT is associated with an increased number of mutations and poor outcome in GBM. Thus, MGMT silencing is considered a biomarker of poor prognosis. 60 However, several studies have indicated that patients with silenced MGMT respond much more positively to the treatment of temozolomide than unmethylated MGMT (Fig. 4B) . 61, 62 Therefore, temozolomide has been used routinely to treat those patients exhibiting MGMT promoter methylation. Without the ability to remove methyl groups from O6-methylguanine, methylated nucleotides are introduced into DNA causing cytoxicity through the formation of lethal crosslinks. Alkylating agents such as temozolomide, carmustine (BCNU), and nimustine (ACNU) aid in such cytoxicity, thereby killing the cancer cells. 63 DNA methylation of MGMT is now considered a possible predictive marker for response to temozolomide treatment despite the fact that there has been some debate as to how well MGMT methylation may predict temozolomide efficacy. 54, 62 The use of temozolomide based on the status of MGMT methylation highlights how important it is to understand epigenetic changes in GBM for the discovery of novel therapy and/or prognostic factors for the treatment of this deadly cancer. [60] [61] [62] P16INK4A is located on chromosome 9p21 and is involved in cell cycle regulation through Cdk inactivation. 64 Methylation of the p16/CDKN2 gene has been found in numerous tumors including gliomas. 65 One study estimates that 73.9% of GBMs have reduced p16 protein levels, of which 76.5% of these cases exhibit hypermethylation at the promoter of p16.66 In addition, there are changes in the chromatin structure as well as DNA methylation at the promoter of p16. 65 Secondary gliomas typically progress from grade II (astrocytoma) to grade III (anaplastic astroctyoma) and finally to grade IV (GBM) (Fig. 4A) . 53 Seventy percent of grade II gliomas progress to grade III and IV tumors within five to ten years of diagnosis.
Compared to the treatment of other types of cancer, treatment for GBM is more difficult because drugs need to be able to cross the blood brain barrier to reach the tumor and avoid protein efflux. In addition, GBM has a high level of heterogeneity, which can affect tumor response to treatment. 54 Because of these complexities, the treatment of glioblastoma has been modified over the years as our understanding of this disease increases. Early treatments of gliomas included only surgery and radiation therapy, whereas chemotherapy with alkylating agents, a nitrosurea-based therapy, was introduced later. 52 Like studies in other cancer types, most studies of the epigenetic changes in glioblastomas have focused on DNA methylation as this mark is relatively easy to detect. From these studies, a large number of tumor suppressor genes silenced in glioblastoma have been identified and these genes are listed in Table 2 . Below, we focus our discussion on some of these genes.
One of the most widely studied genes silenced in GBM is O6-methyl guanine methyltransferase (MGMT). MGMT is involved in DNA repair by removing alkyl groups from the O6 of guanine nucleotides. The O6-methylguanine nucleotides tend to pair with thymine and/or chemically react with other bases. Thus, the methylated guanine nucleotide will result in a base pair exchange thereby forming lethal crosslinks if not repaired. MGMT plays an important role in repairing these alterations before mutations can occur. 55 DNA methylation of MGMT is a frequent event in GBM. For instance, it is estimated that 68% of glioblastoma samples exhibit MGMT promoter methylation. 56, 57 There are 97 CpG islands in the MGMT promoter, and these CpG islands are further divided into In this table, the names of genes that have been shown to be silenced in gliomas are listed. Moreover, the potential function of each gene and reference are also listed.
as well as other epigenetic machinery such as DNA methylation and histone modification contribute to brain tumor development.
Inhibitors Against DNA Methyltransferase and Histone Deacetylases
Epigenetic silencing of tumor suppressor genes plays a causal role in carcinogenesis. Because epigenetic silencing of tumor suppressor genes is reversible, there is extensive interest in developing inhibitors against DNA methyltransferases and histone deacetylases for the re-expression of TSG silenced in cancer cells. In fact, 5-aza-2-deoxycytidine (decitabine), an inhibitor of DNA methyltransferases, has been approved to treat myelodysplastic syndrome as well as some leukemias by the FDA. However, the inhibitors of DNA methyltransferases have proved to be ineffective for solid tumors to date. 77 Histone deacetylase inhibitors (HDACis) have also shown promise as the next generation of anti-cancer drugs. Five classes of HDACis including short chain fatty acids, hydroxamic acids, cyclic tetrapeptides with an amino group, cyclic peptides without an amino group and benzamides have been developed so far. 78 Some of these inhibitors are now being tested in clinical trials. Most HDAC inhibitors target the active site of the HDACs and/or block interaction between the enzymes and their substrates, which in turn, results in hyperacetylation of histones and proteins. 79 Several histone deacetylase inhibitors have been tested for the activation of genes silenced in glioma cells. Of these, two histone deacetylase inhibitors, FK228 and SAHA, are worth mentioning. FK228, or depsipeptide, belongs to bicyclic tetrapeptide class of histone deacetylase inhibitors and shows specificity for class I HDACs. FK228 exhibits efficacy in numerous cancer cell lines, including breast, colon, and lung, as well as growth suppression in solid tumor models including breast carcinoma and large cell lung carcinoma. 80, 81 In clinical trials, FK228 has shown promising results in T-cell lymphoma. 82 FK228 has been hypothesized to function via the degradation of mutant p53, the promotion of Hsp90 acetylation leading to further degradation of oncogenic proteins, the activation of apoptosis, and the inhibition of angiogenesis. 83 FK228 induces apoptosis as well as suppresses cell proliferation in glioblastoma cell lines and animal models through the inhibition of several cell cycle proteins, including cyclin D1 and WAF1. 84 For this reason, FK228 is being studied as a potential GBM therapeutic agent.
The second well-studied histone deacetylase inhibitor is suberoylanilide hydroxamic acid (SAHA), a drug that has been approved by the FDA recently for the treatment of cutaneous T cell lymphoma. SAHA has anticancer activity against both hematologic and solid tumors. SAHA can induce cell cycle arrest, terminal differentiation, and cell death in a variety of transformed cells. 85 Moreover, it possesses anti-glioma activity in vitro and in a rat model in vivo. 86 One recent study suggests that SAHA can cross the blood-brain barrier to inhibit the growth of malignant gliomas in mouse models. 87 Similarly, another independent study indicates that SAHA is effective in reducing glioma growth in vivo and increased survival when administered by continuous local intracranial delivery. 88 SAHA has also been tested for the treatment of patients with recurrent GBM in a Phase II clinical trial. An early report suggests that SAHA is generally well-tolerated and has activity against GBM. 89 Moreover, DNA promoter methylation was also observed at the promoter of the TSC1/ASC gene in association with GBM. TSC1/ASC1 is involved in the regulation of apoptosis, NFκB activation and cytokine maturation. One study shows that CpG island hypermethylation of the TSC1 gene is observed in 43% of primary glioblastomas and suggests that silencing of TSC1 via promoter methylation contributes to GBM pathogenesis. 67 Moreover, TSC1 hypermethylation seems to coincide with MGMT methylation in glioblastoma patients who show long term survival, suggesting that different epigenetic signatures may exist in different types of GBM. 68 Another gene found to be epigenetically modified in gliomas is the epithelial membrane protein 3 gene (EMP3). EMP3 promoter hypermethylation is associated with reduced EMP3 mRNA expression and is considered to be an unfavorable prognostic marker in neuroblastoma patients. 69 Recent studies suggest that DNA methylation of EMP3 may be an early alteration in astrocytoma, being found in 80% of anaplastic, diffuse and secondary glioblastomas and only 17% of primary glioblastomas. Therefore, the silencing of EMP3 may be a marker that distinguishes primary from secondary glioblastomas. 70 As mentioned earlier, in addition to DNA methylation and histone modifications, microRNAs have been shown to regulate gene expression. 71, 72 Several miRNAs including miR-128, miR-181a, miR-181b, miR-181c, and miR-221 have altered expression in GBM. MiR-221 is overexpressed while miR-128 and the miR-181 family members, normally enriched in brain, appear to be down regulated in GBM samples. 73 MiR-21, another microRNA found in the brain, is thought to act as an oncogene in GBM. Elevated levels of miR-21 were found to be associated with GBM and decreased apoptosis. The inhibition of miR-21 leads to caspase activation and induction of apoptosis. 74 The genes that are regulated by miR-21 are still unclear, but the proposed neural targets include SPOCK1, a proteoglycan, and two transcription regulators, ZMYND11 and RB1CC1. 75 Recent evidence shows that miR-21 may be regulating genes involved in migration and invasion. 76 In the future, it would be interesting to determine how alterations in these miRNA molecules a Phase I trial of SAHA plus temozolomide (TMZ) in patients with malignant gliomas has reported that these drugs are well tolerated. 89 Based on these studies, clinical trials soon to be started will be testing SAHA in combination with TMZ/RT in newly diagnosed GBM. SAHA will also be tested in combination with other cell cycle inhibitors, such as proteasome inhibitors in recurrent GBM (Evanthia Galanis, personal communication). However, many of the targets of many histone deacetylase inhibitors, including SAHA are unknown. In addition to histones, histone deacetylases also deacetylate other proteins including p53. Therefore, most of histone deacetylase inhibitors not only inhibit deacetylation of histones, but other protein substrates as well. To make things more complicated, almost all of the histone deacetylase inhibitors developed so far inhibit multiple classes of histone deacetylases. While one hypothesis suggests that the chromatin structure of abnormally silenced genes is more susceptible to drugs and reactivation than those genes that have been silenced in normal cells, it is still important to use epigenomics to predict response to drugs and to access epigenetic markers for diagnostic, prognostic, and therapeutic responses. 4, 90 Moreover, designing and testing inhibitors against each specific class of histone deacetylases may prove useful for the treatment of cancer. Lastly, it may be worthwhile to develop inhibitors against histone methyltransferases/ demethylases to regulate gene expression. Compared to histone deacetylases, histone methyltransferases/demethylases are more selective against particular lysine residues. In principle, inhibitors against these histone methyltransfeases and histone demethylases are likely to be more specific for regulation of gene expression. Recently a small molecule inhibitor was found for G9a, one of the methyltransferases that contributes to H3K9 methylation. Although G9a is not known to be involved in cancer, it is considered to represent the future of epigenetic directed therapy. 91 
Conclusion
Epigenetic alterations in gene expression are becoming increasingly important for the study of cancer. Future studies should focus on documenting all the epigenetic changes in glioma, finding key molecular targets that lead to tumoriogenesis and discovering more specific inhibitors towards histone deacetylases and histone methyltransferases. A combination of these approaches as well as the anticipated advancements in epigenomics in the near future will lead to identify novel molecular marks and novel therapy for the diagnostics and prognosis and treatment of cancer. 92 With the current poor prognosis of GBM, it will probably beneficial and helpful to profile epigenetic alterations in brain tumors and test whether novel epigenetic drugs as well as combinations of existing drugs have improved anti-glioma activity in the hope that these studies will find a better treatment for this deadly disease.
